Abstract. Previous studies have demonstrated that progesterone has neuroprotective effects in the central nervous system (CNS) following traumatic brain injury (TBI). Numerous cellular mechanisms have been reported to be important in the neuroprotective effects of progesterone, including the reduction of edema, inflammation and apoptosis, and the inhibition of oxidative stress. However, the effect of progesterone on neuronal protection following TBI remains unclear. The present study aimed to investigate the effects of progesterone on the expression of Nogo-A, an inhibitor of axonal growth, glial fibrillary acidic protein (GFAP), a main component of the glial scar and growth-associated protein-43 (GAP-43), a signaling molecule in neuronal growth in TBI rats. The TBI model was produced by the weight drop method. In total, 75 rats were assigned to three groups: the sham group, TBI group with vehicle treatment and TBI group with progesterone treatment. The protein expression of Nogo-A, GFAP and GAP-43 in the cortex and the hippocampus was examined by immunocytochemistry. TBI rats significantly increased the expression of Nogo-A, GFAP, and GAP-43 at 1, 3, 7 and 14 days postinjury. Progesterone significantly decreased the expression of Nogo-A and GFAP, and upregulated the GAP-43 protein. Our findings suggested that progesterone promotes neuroprotection following TBI by inhibiting the expression of Nogo-A and GFAP, and increasing GAP-43 expression.
Introduction
Traumatic brain injury (TBI) is the leading cause of injury-related mortality and disability among young people worldwide (1) . Although more individuals survive from TBI now than in the past, survivors often suffer residual physical, emotional, behavioral and cognitive impairments, resulting from TBI-induced pathological lesions in the brain. Although substantial efforts have been made to develop a new treatment for TBI, the treatment has been hampered by a lack of understanding of the molecular and cellular mechanisms underlying TBI.
Recently, several studies have demonstrated the neuroprotective effect of progesterone in the CNS following TBI (2, 3) . However, the molecular mechanisms underlying the neuroprotective effect of progesterone following TBI remains unclear. It has been reported that progesterone improves cognition and movement function, decreases cerebral edema, inhibits inflammation and reduces apoptosis (2) (3) (4) (5) (6) . However, the effect of progesterone on neuronal regeneration and plasticity following TBI has not yet been well studied.
It is well known that damage to the central nervous system (CNS) following TBI is detrimental due to the inability of central neurons to regenerate their axons and dendrites (7) . The failure of the CNS to regenerate is not due to the intrinsic deficit of regenerative capabilities, but is caused by the damaged environment that either does not support or inhibits neuronal regeneration (7) . Several inhibitors of axonal growth have been identified in myelin, including Nogo-A (8), myelin-associated glycoprotein (9) and oligodendrocyte myelin glycoprotein (10) . Nogo-A, which is highly expressed in oligodendrocytes, is considered to be the most important inhibitor of axonal growth in models of CNS injury (7) . In addition, the failure of axonal regeneration may also result from the presence of a glial scar, which prevents neuronal regrowth (11, 12) . Glial fibrillary acidic protein (GFAP), specifically expressed in astrocytes, forms a main component of the glial scar (12) . Increased Nogo-A and GFAP expression has been reported in experimental injury to the peripheral nervous system and CNS in rodents (13) (14) (15) . However, the effect of progesterone on the expression of Nogo-A and GFAP following TBI has yet to be examined.
Growth-associated protein-43 (GAP-43), expressed in the neuronal growth cone, is involved in the transduction of intracellular and extracellular signals that regulate neuron growth, synaptic formation and synaptic plasticity (16) (17) (18) . GAP-43 is greatly upregulated during brain development, at the time of neurite outgrowth and during synaptogenesis (16, 18) . Several lines of evidence demonstrated that GAP-43 is upregulated in regeneration and plasticity following TBI in rat models (19) (20) (21) (22) . Therefore, it is noteworthy to examine whether progesterone increases GAP-43 expression following TBI.
Although progesterone has been reported to promote remyelination and axonal regeneration in experimental models of spinal neurodegeneration and peripheral nerve injury (23) (24) (25) , the roles of progesterone in axonal regeneration in the brain following injury remain unknown. In the present study, the expression of Nogo-A, GFAP and GAP-43 in TBI rats were investigated and the effects of progesterone on their expression at 1, 3, 7, 14 and 28 days post-injury was examined. The present study revealed that progesterone significantly decreased the expression of Nogo-A and GFAP, and upregulated the GAP-43 protein, suggesting that progesterone promoted neuronal regeneration and plasticity in TBI rats.
Materials and methods
Animals and the TBI model. Animal experimental protocols were approved by the Committee for Animal Experiments at The Third Xiangya Hospital of Central South University (Changsha, China). In total, 75 adult male Sprague Dawley rats (weighing 250-300 g) were housed at a constant temperature (23˚C) and humidity (7%) with a 12 h light/dark cycle, and maintained on standard pelleted rat chow and water ad libitum. They were habituated to the housing conditions for at least a week prior to the surgical procedure. The TBI model was produced by the weight drop method as previously described (26) . Briefly, rats were intraperitoneally anesthetized with 10% chloral hydrate (3 mg/kg) and were placed in a stereotaxic frame. During the surgical procedure, body temperature was kept at 37˚C. After the skull was exposed, a 5 mm craniotomy was performed over the right frontoparietal cortex to expose the dura, with the center of the opening located 2 mm lateral to the midline and 2.2 mm posterior to the bregma. A 20 g weight was dropped from a height of 30 cm onto a piston resting on the exposed dura, resulting in a moderate injury in the right brain. The rats that experienced brief convulsion and apnea immediately following the TBI were included in the present study and the rats that died or did not exhibit consciousness loss and neurological dysfunction following recovery were excluded. The locomotor behavior of rats following TBI was assessed, including balancing (5 points), righting (1 point), head-holding (1 point), walking (4 points), escaping behavior in response to tail clamping (2 points) and paw withdrawal in response to tail clamping (2 points). Rats with a total of 10 or above (n=2) were excluded from the present study. In the sham rats, the same surgical procedure was performed, however, no weight was dropped on the dura.
The rats were assigned to three groups: a sham group with no progesterone treatment (n=25), a TBI group with vehicle treatment (n=25) and a TBI group with progesterone treatment (n=25). In each group, the rats were sacrificed at 1 (n=5), 3 (n=5), 7 (n=5), 14 (n=5) and 28 days (n=5) following surgery. Progesterone (10 mg/kg, qd) or 2-hydroxypropyl-β-cyclodextrin (as the vehicle control) was injected intraperitoneally 6 h after the surgery and continued until the rats were sacrificed. The dose and duration of progesterone used in the present study was similar to that used in previous studies (27, 28) .
Tissue preparation. At specific time points (1, 3, 7, 14 and 28 days after surgery), rats were intraperitoneally anesthetized with 10% chloral hydrate (3 mg/kg). The rats were then perfused via the left ventricle with cold phosphate-buffered saline, followed by 4% paraformaldehyde. The brains were dissected and post-fixed with 4% formaldehyde at 4˚C overnight. The tissues were then dehydrated with ethanol, cleared in xylene, filtrated in paraffin wax and embedded in paraffin wax. Serial sections (4 µm thick) were obtained using a microtome (Leica, Bensheim, Germany).
Immunocytochemistry. Tissue sections (4 µm thick) were obtained from paraffin-embedded tissue blocks. The tissue sections were immunocytochemically stained for Nogo-A, GFAP and GAP-43. Briefly, sections were washed in xylene to remove the paraffin, rehydrated with serial dilutions of alcohol, followed by washing in a PBS solution. The samples were then incubated in primary antibodies against Nogo-A (1:200 dilution), GFAP (1:200 dilution) and GAP-43 (1:200 dilution), or non-immune rabbit IgG at 4˚C overnight. Non-immune rabbit IgG was used as the negative control to rule out the non-specific staining ( Fig. 1 ). All primary antibodies and the non-immune rabbit IgG were rabbit anti-rat antibodies, purchased from Beijing Biosythesis Biotechnology Co., Ltd. (Beijing, China). Following primary antibodies being washed off, sections were incubated with goat anti-rabbit biotin-conjugated secondary antibodies (1:1,000 dilution; Beijing Biosynthesis Biotechnology Co., Ltd) for 20 min at 37˚C. The tissue sections were then incubated with streptavidin horseradish peroxidase for 20 min at 37˚C. The DAB substrate was applied to the section for 2 min and then the sections were examined under a light microscope.
Coronal brain sections were selected between 3 and 4 mm posterior to the bregma (starting ~1 mm posterior to the lesion) at the level of the cortex and the hippocampus. Images were captured at the same magnification (x200) by a digital camera (Nikon, Tokyo, Japan). Four sections at the same location from each rat were selected to compare and five random fields without overlaps in each section were evaluated. The average numbers of positive cells were used for analysis.
Statistical analysis. Analyses were performed using SPSS 13.0. All values are presented as the mean ± standard deviation. One-way analysis of variance (ANOVA) was used to compare the differences among the control, the TBI group with vehicle treatment and the TBI group with progesterone treatment, followed by a post-hoc LSD test. P<0.05 was considered to indicate a statistically significant difference.
Results
Progesterone decreases Nogo-A expression in TBI rats. The protein expression of Nogo-A was detected in the cortex 1 mm posterior to the lesions from the sham rats, TBI rats treated with the vehicle control and TBI rats treated with progesterone using immunocytochemistry (Fig. 2) . Positive Nogo-A immunoreactivity was observed in the oligodendrocytes. The number of positive immunoreactive cells at 1, 3, 7, 14 and 28 days after TBI was analyzed. In the sham group, only a few positive Nogo-A immunoreactive cells were identified (Fig. 2K) .
However, compared with the sham rats, TBI rats significantly increased the Nogo-A expression at 1, 3, 7, 14 and 28 days postinjury (P<0.05; Fig. 2A, C , E, G, I and L). The time course of Nogo-A expression is shown in Fig. 3L . The Nogo-A expression increased on day 1, reached a peak on day 14 and declined to a level above the control 28 days post-injury. Compared with the vehicle control, progesterone significantly decreased the expression of Nogo-A in TBI rats 1, 3, 7, 14 and 28 days postinjury (P<0.05; Fig. 2B, D, F , H, J and L).
Progesterone downregulates GFAP expression in TBI rats.
The protein expression of GFAP was then examined in the hippocampal CA1 region from sham-injured rats, TBI rats treated with the vehicle control and TBI rats treated with progesterone, using immunocytochemistry (Fig. 3) . Positive GFAP immunoreactivity was observed in the astrocytes at 1, 3, 7, 14 and 28 days in the sham rats (Fig. 3K and L) . In TBI rats, increased GFAP expression was observed in the CA1 region. In TBI rats, GFAP expression was significantly increased at 1, 3, 7, 14 and 28 days post-injury compared with that in the sham rats (P<0.05; Fig. 3A, C , E, G, I and L). The GFAP protein expression increased on day 1, reached a peak on day 3 and gradually declined to a control level 28 days post-injury. Compared with the vehicle control, progesterone significantly decreased the expression of GFAP in TBI rats 3, 7 and 14 days post-injury (P<0.05; Fig. 3B, D, F , H, J and L).
Progesterone increases GAP-43 expression in TBI rats.
The present study also investigated the GAP-43 expression in the cortex 1 mm posterior to the lesions from sham rats, TBI rats treated with the vehicle control and TBI rats treated with progesterone using immunocytochemistry (Fig. 4) . In the sham rats, GAP-43 positive immunoreactivity was identified in the perinuclear cytoplasm of neurons in the cortex. In TBI rats, GAP-43 expression was significantly increased at 1, 3, 7 and 14 days post-injury compared with that in the sham rats (P<0.05; Fig. 4A, C , E, G, I and L). The GAP-43 protein expression increased on day 1, reached a peak on day 7 and gradually declined to a level above the control 28 days post-injury. Progesterone significantly increased the expression of GAP-43 in TBI rats at 1, 3, 7, 14 and 28 days post-injury, compared with the vehicle control (P<0.05; Fig. 4B, D, F, H, J and L) .
Discussion
The neuroprotective role of progesterone has been established in the experimental models of TBI (2,3). However, the mechanisms underlying these neuroprotective effects have not been well characterized. Numerous cellular mechanisms have been reported to be important in the neuroprotective effects of progesterone, including the reduction of edema, inflammation and apoptosis, and the inhibition of oxidative stress (2) (3) (4) (5) (6) 29, 30) . However, it is unclear whether progesterone can improve neuronal regeneration following TBI. One of the therapeutic goals in TBI is to identify ways of repairing and regenerating the damaged or lost neural circuit. The present study revealed that progesterone decreases the protein expression of Nogo-A, an inhibitor of axonal growth, downregulates the expression of GFAP, the main component of the glial scar and enhances the expression of GAP-43, a signaling molecule involved in neuronal growth and synaptic formation. Our findings demonstrated that progesterone is able to improve the regeneration of damaged neurons following TBI. Since Nogo-A, GFAP and GAP-43 are known to be involved in neuroregeneration (7, 11, 12, 18, 20, 21) , our data suggest that progesterone may increase neuroprotection following TBI by inhibiting the expression of Nogo-A and GFAP and increasing the expression of GAP-43.
The dose-response study of progesterone on the behavioral performance of rats following cortical injury revealed that 8 and 16 mg/kg doses of progesterone was better than 32 mg/kg administered at 1, 6 and 24 h with repeated administration every 24 h (27), suggesting that 8-16 mg/kg is an optimal dose of progesterone in the treatment of TBI. In the present study, a 10 mg/kg dose of progesterone was intraperitoneally administered 6 h after TBI until the rats were sacrificed. This protocol is similar to a study by Anderson et al whereby progesterone was administered intraperitoneally every 12 h until rats were sacrificed at 72 h after cortical injury (28) . Thus, the dose and duration of progesterone used in the present study is able to produce neuroprotection to prevent the death of neurons.
Nogo-A, highly expressed in the myelin, has been regarded as the strongest inhibitor of axonal growth (7). Nogo-A has been extensively studied for its roles in inhibiting axonal regeneration in the injured CNS (31) (32) (33) . The present study revealed that Nogo-A expression is increased at 1 day post-injury and is maintained at a high level for ~4 weeks, suggesting that the long-lasting presence of Nogo-A may contribute to the failure of neuronal regeneration following brain injury. It has been reported that the neutralization of Nogo-A with the anti-Nogo-A antibodies induces neuronal growth following brain injury (33, 34) , suggesting that the inhibition of Nogo-A may be useful for the treatment of TBI. In agreement with this theory, the present study revealed that progesterone inhibits Nogo-A expression in TBI rats from 1-28 days post-injury, suggesting that progesterone can decrease the inhibitory effect of Nogo-A on neuronal regeneration. Therefore, our results suggest that progesterone may improve neuronal regeneration through the inhibition of Nogo-A. However, it remains unclear how progesterone inhibits Nogo-A expression in TBI.
GFAP, a specific marker for mature astrocytes, is important in maintaining the normal morphology and function of astrocytes in the CNS. Following brain injury, astrocytes begin to proliferate and increase the expression of GFAP (12, 15) . Increased GFAP expression is a hallmark of reactive astrocytes, which is a major cellular component of the glial scar. The glial scar has long been implicated as a major barrier for axonal regeneration (11, 12) . Inhibition of the glial scar is considered to be a therapeutic strategy for TBI (35) . Therefore, the optimum time window for inhibiting glial scar formation is critical for therapy. The present study demonstrated that GFAP expression reaches a peak at 3 days post-injury and declines quickly to normal control levels at 28 days post-injury, suggesting that increased GFAP expression does not last long and glial scar formation starts early (1-3 days) following brain injury. In addition, our data demonstrated that progesterone inhibits GFAP expression at early time points (1-3 days) post-injury, suggesting that progesterone is a good drug to prevent glial scar formation. However, the exact mechanism underlying the effects of progesterone on glial scar formation remains to be determined.
GAP-43, the intracellular growth associated protein, is important in neuron growth during brain development and neuroregeneration following TBI (16) (17) (18) . Following brain injury, GAP-43 protein synthesis greatly increases and is shuttled along the axon by fast axonal transport to the site of injury to promote axonal regeneration (17, 19, 21, 22) . Consistent with these studies, the present study found that GAP-43 protein expression is increased following TBI. Progesterone treatment further increases the expression of GAP-43, suggesting that progesterone may promote axonal regeneration. However, progesterone has been reported to inhibit the high expression of GAP-43 mRNA in Wobbler mice, which exhibit motor neuron degeneration (36) . Although increased expression of GAP-43 has been identified in a TBI rat model in the present study and in Wobbler mice, the mechanisms underlying the overexpression of GAP-43 remain unclear in these diseases. It has been reported that it is not the injury per se, but the disconnection of axons from peripheral target tissues regulating the expression of GAP-43 (37) . It is also suggested that the disruption of the neuronal membrane due to the impact and shearing forces caused by the TBI may result in TBI-induced increases in the expression of GAP-43 (38) . The neuronal degeneration in Wobbler mice caused by an autosomal recessive mutation is characterized by perikayal vascular degeneration and abnormalities of mitochondrial function in motor neurons (25, 39) . The inhibition of GAP-43 expression by progesterone in Wobbler mice is proposed to be associated with the antioxidative effect of progesterone (40) , while numerous cellular mechanisms have been reported to be involved in the neuroprotective effect of progesterone following TBI, including the reduction of edema, inflammation and apoptosis (2) (3) (4) (5) (6) 29, 30) . The difference in GAP-43 expression in response to progesterone treatment may largely result from the different pathogenesis of the diseases and the multiple mechanisms of action of progesterone.
In addition, the present study revealed that GAP-43 upregulation lasts ~1 week and its protein level gradually declines to a normal control level within 4 weeks post-injury, suggesting that GAP-43 promotes axonal regeneration at the early stage of brain injury, and its neuroregenerative effects are gradually reduced. Progesterone increases GAP-43 expression within 28 days post-injury, suggesting that progesterone is able to promote axonal regeneration following TBI through the upregulation of GAP-43. However, the time course of GAP-43 expression in the process of neuroregeneration following TBI has not been well established. It has been reported that the expression of GAP-43 is differentially regulated in CNS development and regeneration (41) . The mechanisms underlying neuroregeneration following TBI and the beneficial effect of progesterone on the upregulation of GAP-43 need to be further determined.
The function of GAP-43 is dependent on PKC-mediated phosphorylation at S41. The regulation of GAP-43 at S41 has been reported to be associated with its distribution to different membrane domains, its regulation of actin filaments, its interaction with Ca/calmodulin and its binding to PIP2 (17, 42) . In the present study, immunocytochemistry was performed to study the protein expression of GAP-43 following TBI, however, not the phosphorylation of GAP-43. It remains to be elucidated whether progesterone regulates the phosphorylation of GAP-43 at S41.
Preclinical studies have demonstrated that progesterone administered during the first few hours to days following injury significantly improved behavioral recovery in rats (27, 43, 44) . Two Phase II clinical trials have demonstrated that progesterone treatment has an improved survival and functional outcome than the placebo control in the treatment of TBI patients, indicating that progesterone is a safe and efficacious treatment for TBI (45, 46) . A study using a rat model of TBI demonstrated that a continuous infusion of progesterone produces more behavioral recovery in TBI rats than bolus injections of progesterone (43) . These results suggest that a continuous mode of progesterone administration may be more beneficial in the clinical testing than bolus injection in the treatment of TBI. In the present study, a bolus injection of progesterone was used to treat TBI and found that progesterone significantly inhibited the expression of Nogo-A and GFAP, and increased the GAP-43 expression. Although a continuous mode of progesterone administration was not used in the present, it is expected that a continuous mode of progesterone administration may produce more apparent effects on the expression of Nogo-A, GFAP and GAP-43.
In summary, the present study investigated the temporal changes of Nogo-A, GFAP and GAP-43 protein expression in TBI rats and the effects of progesterone on Nogo-A, GFAP and Gap-43 protein expression. Progesterone significantly inhibited the expression of Nogo-A and GFAP expression and increased the GAP-43 expression, suggesting that progesterone is able to promote neuroprotection following TBI.
